ABSTRACT. Human arylamine N-acetyltransferase 1, (HUMAN)NAT1, is a phase II xenobioticmetabolizing enzyme that plays an important role in drug and carcinogen biotransformation and cancer development. Its gene expression has been shown to be regulated by environmental factors. The purpose of the current study is to determine the involvement of nuclear receptors in transcriptional regulation of (HUMAN)NAT1 gene. We show that among the nuclear receptors examined, including the glucocorticoid receptor, retinoid acid receptor-related orphan receptor alpha, constitutive androstane receptor, pregnane X receptor, aryl hydrocarbon receptor, and retinoic acid receptor, the glucocorticoid receptor plays a dominant role in regulating (HUMAN)NAT1 gene expression through distal promoter (P3). The involvement of the glucocorticoid receptor in transcription regulation of (HUMAN)NAT1 gene expression was demonstrated by dexamethasone treatment, reporter assay using plasmid-containing 3 kbp of 5′-end region of promoter 3, and treatment of anti-glucocorticoid RU486 in primary culture of human hepatocytes and transfected HepG2 cells. In addition, translation inhibition did not affect dexamethasone-induced gene expression through P3, suggesting that dexamethasone effect is directly mediated by glucocorticoid receptor activation. Furthermore, deletion analysis revealed the presence of multiple responsive elements within the 3 kbp fragment of P3. Transfection assays in mice using hydrodynamics-based procedure and reporter gene assay in a mouse cell line revealed that glucocorticoid-induced NAT gene expression is species dependent. Dexamethasone treatment of transfected mice and mouse cell line decreased (MOUSE)Nat2 gene expression, (HUMAN)NAT1 homologue. These results suggest that glucocorticoids serve as a modulator for (HUMAN)NAT1 gene expression via the P3-containing 5′-flanking region.
INTRODUCTION
The functional roles of arylamine N-acetyltransferases (NAT) 1 and 2 have been well documented in detoxification, promotion of tumor growth and drug metabolism. These enzymes can catalyze the N-acetylation-mediated detoxification of carcinogenic aromatic amines that account for approximately 12% of carcinogens or O-acetylation reaction for enhancing the toxicity of aromatic hydroxylamines (1, 2) . The balance of these two processes is dependent not only on the chemical structure of the substrate but also on the activity of NAT enzymes and is thought to contribute to the aromatic amine-induced malignancies (1) (2) (3) .
(HUMAN)NAT1 over-expression has been shown in human breast carcinomas (4) (5) (6) and is linked to enhanced growth and resistance to the cytotoxic drug etoposide in normal breast luminal epithelial cells (4) . It was also shown that the (HUMAN)NAT1 gene was down-regulated in late-stage breast cancer (6) . In addition, DNA hypomethylation in the (HU-MAN)NAT1 gene was reported in cancerous breast tissues (7) . Clinical studies have shown a longer relapse-free survival of tamoxifen-treated patients with estrogen receptor (ER) + and NAT1-over-expressing tumors (5) . Interestingly, tamoxifen (8) and other anti-cancer drugs such as cisplatin (9) and disulfiram (10) have been shown to inhibit the NAT1 activity. NAT1 involvement in cancer development also pertains to human prostate cancer. In fact, microarray work by Lapointe et al. (11) on 112 human prostate cancer samples identified three separate tumor subtypes, each with a different expression pattern of NAT1. More recent studies have shown that the (HUMAN) NAT1 is induced by androgens in human prostate cancer cells, with possible implication for cancer risk (12) .
In addition to genetic polymorphisms, (HUMAN)NAT1 activity also undergoes environmental modulation. Wakefield et al. (13) have shown epigenetic regulation of (MOUSE) Nat2, suggesting folate-mediated regulation of the (HU-MAN)NAT1 orthologue. Activity of the (HUMAN)NAT1 promoters 1 (P1) (14) , 2 (P2) (15) (16) (17) (18) , and 3 (P3) (17) (18) (19) has been shown to be affected by some xeno-and/or endo-biotics (12, 14, (20) (21) (22) (23) (24) (25) , but limited information is currently available. Computer-based analysis of the 3 kbp fragments of (HU-MAN)NAT1 promoters (P1, P2, or P3) revealed numerous putative glucocorticoid-responsive elements, suggesting that (HUMAN)NAT1 may be regulated in part by the glucocorticoid receptors. The frequency of the clinical use of glucocorticoids underscores the importance of determining if and how these drugs affect (HUMAN)NAT1 gene expression, as change of (HUMAN)NAT1 gene expression could influence the outcome of cancer treatment. Discerning the dynamics of (HUMAN)NAT1 gene expression can thus provide insights not only into potential interventions in cancer chemotherapy but also molecular mechanisms of cancer biology. Here, we report that glucocorticoids enhance (HUMAN)NAT1 gene expression through P3. We also report that both human and mouse promoters are down-regulated by glucocorticoids in mouse cells, suggesting a species difference. Our results provide new insights into NAT gene regulation by glucocorticoids.
MATERIALS AND METHODS

Materials
The PCR kit and reagents were from Promega (Madison, WI) and New England Biolabs (Ipswich, MA). SYBR Green Real-time PCR master mix was from Applied Biosystems (Carlsbad, CA). The CTD-2547L16 BAC clone containing the full genomic sequence of (HUMAN)NAT1 gene was from Invitrogen (Carlsbad, CA). PCR primers were synthesized by Sigma-Aldrich (St. Louis, MO). TA cloning kit and the pGL3-Basic Vector were from Invitrogen (Carlsbad, CA) and Promega (Madison, WI), respectively. Restriction enzymes, T4 DNA ligase and DH5α competent cells of Escherichia coli were from New England Biolabs (Ipswich, MA). Purification kits for BAC DNA, plasmid, and PCR products were from Qiagen (Valencia, CA). TRIzol reagent was from Invitrogen (Carlsbad, CA). QuantiTect Reverse Transcription Kit was from Qiagen (Valencia, CA). HepG2 cells were from the American Type Culture Collection (ATCC, Rockville, MD), and cell culture medium was from Sigma-Aldrich (St. Louis, MO) while supplements were from Cellgro (Manassas, VA) and Lonza (Walkersville, MD). Dexamethasone (DEX), cycloheximide, mifepristone (RU486), actinomycin D, melatonin, 3-methyl-cholanthrene, 6-(4-chlorophenyl)imidazo(2,1-b)(1, 3)thiazole-5-carbaldehyde O-(3,4-dichlorobenzyl)oxime, rifampicin, and 9-cis-retinoic acid were from Sigma-Aldrich (St. Louis, MO). Luciferase assay kits were from Promega (Madison, WI). Protein assay reagent was from Bio-Rad (Hercules, CA). pCMV-hGRα plasmid was kindly provided by Dr. John Cidlowski (National Institute of Environmental Health Sciences, NIH). pCMX-hRORα, pCMV-hCAR, and pCMV-hPXR were kind gifts from Dr. Wen Xie (University of Pittsburgh). pTARGET-hAhR was obtained from Dr. Oliver Hankinson (University of California, Los Angeles, CA), and pCMX-hRAR was from Dr. James Boyer (Yale University). Freshly plated human primary hepatocytes were from Celsis In Vitro Inc. (Baltimore, MD) or the Department of Pathology at the University of Pittsburgh. Maintenance medium for human primary hepatocyte was from Lonza (Walkersville, MD).
Primary Human Hepatocyte Culture
Freshly isolated human hepatocytes were maintained in hepatocyte maintenance medium supplemented with DEX (10 −7 M), insulin (10 −7 M), and gentamicin (50 μg/ml). They were cultured for 24 h in DEX-free medium and then exposed to DEX, RU486, or cycloheximide for 24 h before RNA isolation.
Animal Treatment
CD1 male mice (18-20 g) were intraperitoneally (ip) injected with 10 μl/g body weight of dimethyl sulfoxide (carrier solution) with or without DEX or RU486 at the indicated dose for the indicated time. Animals were killed, liver removed, and total RNA isolated from the liver. All animal experiments were conducted in full compliance with regulation and approved by the IACUC at the University of Pittsburgh, Pittsburgh, PA.
Real-time RT-PCR
Total RNA was isolated using 1 ml of TRIzol reagent per well of cell culture or 50 mg of mouse liver according to manufacturer's instruction. Total RNA concentration was determined at 260 nm, and their integrity was checked on 1% agarose gel. Two micrograms of RNA were reverse transcribed using the QuantiTect Reverse Transcription Kit (Qiagen) according to the manufacturer's instruction and diluted to a final RNA concentration of 20 (mouse samples) or 40 ng/μl (human samples). Quantitative PCR was performed on the cDNA using the StepOnePlus Real-time PCR System (Applied Biosystem). Specific primers used to amplify the target sequences included: forward 5′-TTGCATGATTCTCCTGCCTA-3′ and reverse 5′-CCCAGAATCCTGTGAGAAATG-3′ to amplify the cDNAs corresponding to RNA product from P1; forward 5′-ACTTCCT-CATAGACCTTGGATG-3′ and reverse 5′-AGGTTATTT-CAGCCGGCAAC-3′ to amplify the RNA from P2; forward 5′-GCCAAACTGCACAAATCAGA-3′ and reverse 5′-TCACCTGGTTCCTGCTCTCT-3′ to amplify the cDNAs corresponding to P3 activity; forward 5′ -GAGT CAACGGATTTGGTCGT3′ and reverse 5′-GACA AGCTTCCCGTTCTCAG-3′ to amplify the (HUMAN) GADPH; forward 5′-ACACTCCAGCCAATAAGTACAGC-3′ and reverse 5′-GGTAGGAACGTCCAAACCCA-3′ to amplify the (MOUSE)Nat2; forward 5′-AGGTCGGTGTGA ACGGATTTG-3′ and reverse 5′-TGTAGACCATGTAGTT GAGGTCA-3′ to amplify the (MOUSE)Gadph. The identity of each amplicon was checked by DNA sequencing. The 20 μl of the reaction mixture consisted of SYBR Green PCR Master Mix (Applied Biosystem), cDNA (20 ng for mouse samples or 40 ng for human samples), and 125 nM reverse and forward primers. The program consisted of a denaturing step of 10 min at 95°C plus 40 cycles of denaturing at 95°C for 15 s and combined annealing and extension at 60°C for 1 min, followed by dissociation curve analysis. Expression levels were normalized by using the RNA level of human or mouse GAPDH gene, which showed stable expression under xenobiotic treatment and C T range comparable to that of the genes of interest. All the amplification reactions were run in triplicates (variability less than 0.5 C T ). All calculations (ΔΔC T method) were conducted as suggested by the StepOnePlus Real-time PCR manual (26, 27) .
Plasmid Construction
The promoter-containing DNA fragment of the (HUMAN) NAT1 gene was PCR amplified using BAC clone CTD-2547L16 (Invitrogen) as the template and cloned into pGL3-Basic Vector using the Qiagen large construct kit (Qiagen). Deep VentR DNA polymerase (New England Biolabs) and 100 ng of BAC DNA were used to amplify ∼3 kbp of the P1-and P3-containing region with the following primers: reverse 5′-TCCAT GATCCCCTAAGCAAG-3′ and forward 5′-GCCTCAA CATGCCGAATTAT-3′ for P1-containing fragment (3,070 bp, 0 to −3070); and reverse 5′-GCAGTTTGGCCTAGGCTTTAT-3′ and forward 5′-AAAATCAACACACCAAAATCACT-3′ for P3-containing fragment (3,122 bp, 0 to −3122). Each promoter-containing sequence was amplified with an annealing temperature at 61°C and 28 amplification cycles. The PCR products were separated on an agarose gel and the proper fragment was isolated and incubated for 10 min at 72°C with Taq DNA polymerase and dATP to add 3′-A overhang. The resulting PCR products and the TA vector were then ligated and transformed into DH5α competent cells of E. coli. Each insertion was confirmed by PCR, restriction enzyme digestion, and DNA sequencing; 3 kbp P1-or P3-containing fragments were then excised by digestion with XhoI/MluI and XhoI/Hind, respectively, and ligated into pGL3-Basic Vector, which was linearized with the same corresponding restriction enzymes. The resulting plasmids (pGL3-3kP1-Luc and pGL3-3kP3-Luc) were then transformed into E. coli (DH5α), purified and confirmed by restriction enzyme digestion.
Deletion Constructs
Each deletion insert was amplified using the Deep VentR DNA polymerase (New England Biolabs) and 100 ng of pGL3-3kP3-Luc as template. All the sequences were amplified using the reverse primer 5′-CCCAAGCTTGCAGTTTGGCC-TAGGCTTTAT-3′, containing a HindIII site attached to the 5′-end. The forward primers used for the amplification were synthesized with a XhoI site attached to the 5′-end: 5′-CCGCTCGAGA ATTAAAGCAACACGGCA AT-3′ (2,050 bp, 0 to −2,050), 5′-CCGCTCGAGGCACCTCA CACCTGTCAGAA-3′ (1,027 bp, 0 to −1,027), 5′-CCGCTCGAGTGGAAAATTATATGGAGTTTCCTAAA-3′ (909 bp, 0 to −909), 5′-CCGCTCGAGTTTATCAAAGA-
(690 bp, 0 to −690), 5′-CCGCTCGAGGGATGGTGAT CAAAAGATGCT-3′ (521 bp, 0 to −521). Each P3-containing sequence was amplified with an annealing temperature at 56°C and 28 amplification cycles. To clone each fragment into the pGL3-Basic Vector, the PCR products were separated on an agarose gel and the proper fragment was isolated. After digestion with the proper restriction enzymes, PCR fragments and linearized pGL3-Basic Vector were ligated and transformed into E. coli (DH5α). Each sequence insertion was confirmed by PCR, restriction enzyme digestion and DNA sequencing.
Cell Culture and Transfection
HepG2 and Hepa1-6 cells were cultured in a humidified incubator under 5% CO 2 at 37°C in Dulbecco's modified Eagle's medium (DMEM) and supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. Cells were seeded into 48-well plates (8×10 5 cells/well) and allowed to grow for 24 h. Cells were transfected using linear polyethelynimine as transfection reagent. For each well, cells were washed twice with phosphate-buffered saline and transfected with 2 μg of plasmid DNA at a DNA to linear polyethelynimine ratio of 1:2 (in micrograms per microgram). Of the 2 μg of DNA used for the transfection, 1 μg accounts for the reporter plasmid containing P3 sequence while the other microgram accounts for the increasing amount of pCMV-hGRα, pCMX-hRORα, pTARGET-hAhR, pCMV-hCAR, pCMVhPXR, or pCMX-hRAR (0, 0.2, 0.4, 0.8, or 1 μg) and decreasing amount of empty vector without nuclear receptor gene (1, 0.8, 0.6, 0.2, or 0 μg). The plasmids were mixed in serum free-DMEM, incubated at room temperature for 15 min to allow the DNA/linear polyethelynimine complex formation, and applied to cells at 300 μl/well. The transfection mixture was replaced 12-14 h later with complete DMEM after washing cells with PBS twice. Then, DEX (1 μM), RU486 (0.1, 1 or 10 μM),
, rifampicin (10 μM), or 9-cis-retinoic acid (1 μM) was added and kept for 24 h. Cells were washed with PBS and lysed with 200 μl of 0.1 M Tris-HCl, 0.1% Triton X-100, and 2 mM EDTA (pH 7.8) at room temperature for 15 min 24 h later. Cell lysates were centrifuged (12,000 rpm, 10 min, 4°C). The supernatant was used for measurement of luciferase activity and determination of protein concentration at 595 nm, using the Bio-Rad Protein Assay Kit (Bio-Rad, CA).
Plasmid DNA Preparation
Plasmid DNA was purified from transformed E. coli using cesium chloride gradient centrifugation. Plasmid DNA was quantified at 260 nm, checked by gel electrophoresis, and stored in saline.
Hydrodynamic Transfection of Animals
Animals were injected via the tail vein in 3-5 s with a volume of DNA-containing saline equal to 10% of body weight as described previously (28) . Each mouse received 1 μg DNA/g of body weight, containing 0.5 μg of pGL3-3kP3-Luc and 0.5 μg of pCMV-hGRα or empty vector without GRα gene. After drug treatment, animals were sacrificed at the indicated time and the livers were harvested. Individual tissue samples of approximately 200 mg were homogenized in 1 ml of lysis buffer, followed by centrifugation (16,000×g, 15 min, 4°C). Protein concentration determined at 595 nm using the Bio-Rad Protein Assay Kit (Bio-Rad, CA), and luciferase activity in the supernatant of liver homogenate was determined.
Luciferase Assay
Ten microliters of supernatant from cell lysate or tissue homogenates were added to 100 μl of luciferase substrate (Promega, Madison, WI). Luciferase activity was measured over 10 s in a luminometer (Autolumat LB953, EG&G, Berthhold, Germany). Luciferase activity in each sample was normalized to relative light units per milligram of extracted proteins.
Statistical Analysis
Data are reported as mean±SD. The Student's t test or one-way ANOVA test was performed among groups. A p value equal or less than 0.05 or 0.01 was used to indicate statistical significance.
RESULTS
Assessment of (HUMAN)NAT1 Promoters in Response to DEX and Glucocorticoid Receptor
Primary human hepatocytes from a female donor were cultured in hepatocyte maintenance medium without DEX and then treated with DEX for 24 h. (HUMAN)NAT1 transcript levels from P1, P2, and P3 were assessed by real-time RT-PCR using specific primers. Figure 1a shows DEX treatment (0.1, 1, 10, and 100 μM) resulted in no increase in the expression of the (HUMAN)NAT1 gene from P1 and P2 but significant increase in P3-mediated gene expression. DEX treatment resulted in an increase of (HUMAN)NAT1 mRNA level from P3 by ∼3-, 6-, 5-, and 3.5-fold at DEX concentrations of 0.1, 1, 10, and 100 μM, respectively. To confirm that the DEX effect on P3-mediated gene expression is not a gender specific phenomenon, we performed the same set of experiments using primary hepatocytes from a male donor and found even stronger DEX induction (up to ∼8.3-and 7.6-fold) at concentrations of 0.1 and 100 μM (p≤0.01), respectively (Fig. 1a) .
To test whether the activation of the glucocorticoid receptor is directly responsible for DEX-induced (HUMAN) NAT1 gene expression, we examined the effects of treatment with the glucocorticoid receptor antagonist RU486 and protein synthesis inhibitor cycloheximide on DEX-induced (HUMAN) NAT1 gene expression in primary human hepatocytes. Results in Fig. 1b show that DEX alone induced a significant increase (p≤0.01) in P3-mediated (HUMAN)NAT1 gene expression while co-treatment with RU486 blocked DEX-induced expression. It is worth noting that cycloheximide itself decreased (p≤ 0.01) the level of (HUMAN)NAT1 gene expression from P3. However, inclusion of DEX in the treatment significantly increased the level of (HUMAN)NAT1 RNA level. These results suggest that protein synthesis is not required and activation of pre-existing glucocorticoid receptors is responsible for transcription activation.
The enhancement of P3 activity by DEX was also examined in the presence of the RNA synthesis inhibitor, actinomycin D. As shown in abolished the increase of (HUMAN)NAT1 mRNA from P3 in response to DEX (p≤0.01), suggesting that glucocorticoid receptors act through a transcriptional mechanism rather than the improvement of pre-existing mRNA stability. The overall data indicate that DEX-mediated up-regulation of (HU-MAN)NAT1 gene expression occurs through P3 and directly involves activation of glucocorticoid receptor.
Glucocorticoid Receptor-Mediated Regulation of (HUMAN) NAT1 Gene Expression in Reporter Assay
Further evidence for regulation of P3-based (HUMAN) NAT1 gene expression by glucocorticoid receptors was sought. A 3-kbp fragment at the 5′-end of exon 1 including P3 was cloned into a pGL3-Basic Vector containing luciferase reporter gene to generate a new plasmid, pGL3-3kP3-Luc. HepG2 cells were co-transfected with the new construct and the plasmid containing human glucocorticoid receptor α gene under control of a CMV promoter. Plasmid containing the same length of DNA fragment at the 5′-end of exon 9 including P1 (pGL3-3kP1-Luc) was included as a control. All cells were treated with DEX at the same concentration. Results in Fig. 2a show no increase of luciferase activity in cells co-transfected with pGL3-3kP1-Luc and pCMV-hGRα. However, a progressive increase in luciferase activity was seen in cells co-transfected with pGL3-3kP3-Luc and an increasing amount of pCMV-hGRα DNA. In fact, amounts of pCMV-hGRα as low as 0.2 μg already exhibited a significant up-regulation (p≤0.05) of reporter gene expression. Progressively, the induction kept growing up to ∼5-, 7-, and 12-fold (p≤0.01) in the presence of 0.4, 0.8, and 1 μg of pCMVhGRα, respectively. A significant (p≤0.01) but much lower level of induction was also observed in the absence of DEX. Overall, these data confirm lack of responsiveness in P1 to DEX and over-expression of glucocorticoid receptor α in transfected cells is sufficient to enhance P3-mediated gene expression. Glucocorticoid receptor activation by DEX appears necessary for maximal level of P3-activity.
A dose response curve was established for RU486 to verify direct involvement of glucocorticoid receptors in the P3-mediated induction in reporter assay. As shown in Fig. 2b , DEX treatment increased (p≤0.01) luciferase level by 7-fold compared with an approximate 2-fold increase (p≤0.01) resulting from over-expression of human glucocorticoid receptor α (no DEX included). However, increasing amounts of RU486 progressively abolished (p≤0.01) DEX-induced up-regulation of reporter gene expression. At equal molar concentration (1 μM) of DEX, RU486 reduced the level of DEX-induced luciferase expression by about 60% (p≤0.01), consistent and in agreement with the well-known fact that higher binding affinity of RU486 to human glucocorticoid receptor overrides the activity of DEX in glucocorticoid receptor activation (29) .
Identification of the Functional Elements in the 5′-flanking Region of P3 that Are Responsible for Glucocorticoid Receptor-Mediated Activation A series of deletion constructs were made in an effort to identify glucocorticoid response elements in the P3 region (Fig. 3a) . Glucocorticoid receptor-mediated induction by DEX was determined by the reporter assay as described in Fig. 2 . It is apparent that the longer the P3-containing fragment, the higher glucocorticoid receptors, which declined to 8-fold (p≤0.01) and 4-fold (p≤0.01) when 2 and 1 kbp P3-containing DNA fragments were used, respectively. Additional deletion of about 100 to 200 bp from the 1 kbp fragment resulted in further decline to 3-fold (p≤0.01). The DEX-and glucocorticoid receptor-induced response was not seen when the DNA fragment was shorter than 690 bp. Overall, these data suggest that multiple glucocorticoid response elements lie within the 3 kbp fragment located upstream of the exon 1 and control glucocorticoid receptor-mediated induction of (HUMAN)NAT1 gene expression from P3. The most proximal element(s) to the distal promoter P3 seems to be located within the −690 to −801 bp region (Fig. 3b) .
Reporter Gene Expression from pGL3-3kP3-Luc Plasmids and Expression of (MOUSE)Nat2 Gene Is Down-regulated in Mouse Liver
Mice are the most commonly used animal model for cancer research. We thus wondered if the same regulation mechanism seen in (HUMAN)NAT1 gene also applies to that of mice. To explore a species-specific effect of glucocorticoids and/or glucocorticoid receptors on NAT gene expression, we hydrodynamically transfected mice with the reporter construct of pGL3-3kP3-Luc only and administered DEX and/or RU486 (ip) with an intention to assess the effects of DEX and the involvement of the glucocorticoid receptors on (HUMAN)NAT1 gene expression in the mouse liver. As shown in Fig. 4a , DEX induced up to a 50% decrease in luciferase gene expression. Moreover, exposure to RU486-both in the presence or absence of DEX (p≤0.05)-brought the level of luciferase activity above the control level. To explore whether the observed difference in NAT gene expression could be explained by species difference in ligand-dependent activation of the glucocorticoid receptors, we co-transfected pGL3-3kP3-Luc and pCMV-hGRα into the mouse hepatoma cell line Hepa1-6. In this setting (Fig. 4b) , we observed a progressive decrease (up to more than 70%, p≤0.01) in luciferase activity, even in the absence of DEX. Similarly, the same results were obtained in hydrodynamically co-transfected mice exposed to various concentrations of DEX (data not shown). Finally, we determined the change in the expression of (MOUSE)Nat2, the c homologue of (HUMAN)NAT1, as a consequence of DEX administration. We again found a down-regulation up to about 30% when the highest dose of DEX was employed in vivo (Fig. 4c) . These data suggest that DEX and/or glucocorticoid receptor α-mediated regulation of (HUMAN)NAT1 gene expression in mice and human is different and likely dependent on dissimilar signaling rather than the miss-recruitment of mouse corepressive factors by the human nuclear receptors on the human sequence. The single (MOUSE)Nat2 promoter (30) equivalence to the (HUMAN)NAT1 P2 promoter (31) rather than to the P3 may account for the differencial regulation of the two orthologue genes in mice and humans.
Evaluation on P3-Mediated Regulation by Other Nuclear Receptors
Finally, the inducibility of the P3-based gene expression by other nuclear receptors such as retinoic acid receptor-related orphan receptor α; aryl hydrocarbon receptor; constitutive androstane receptors; pregnane X receptor; and retinoic acid receptor α was examined. Co-transfection of pGL3-3kP3-Luc plasmid with plasmid containing individual nuclear receptor gene was performed and treated with receptor specific ligands. Results (Fig. 5) show modest regulation by some of the nuclear receptors examined (retinoic acid receptor-related orphan receptor α, aryl hydrocarbon receptor, retinoic acid receptor α, p≤0.01), suggesting that other nuclear receptors could also play a role in regulating (HUMAN)NAT1 gene expression. However, compared with the degree of enhancement obtained, DEX induced the highest enhancement in gene expression, suggesting that glucocorticoid receptors are a predominant regulator for P3-mediated (HUMAN)NAT1 gene expression.
DISCUSSION
In this study we demonstrated that the glucocorticoid receptor plays an important role in regulating (HUMAN) NAT1 gene expression. Among the three promoters in (HUMAN)NAT1 gene, we showed that there are putative glucocorticoid responsive elements in the 5′-end sequence containing P3. We also showed that P3-mediated activation in human liver cells requires activation of glucocorticoid receptors by glucocorticoids. In addition, we provided direct evidence in support that glucocorticoid receptor-induced gene expression is animal species dependent. While it enhances (HUMAN)NAT1 gene expression in human hepatocytes, glucocorticoid treatment of mouse cells in culture and of hydrodynamically transfected mouse liver reduced the P3-mediated transcription.
Our study focused initially on the effect of DEX at the genomic level and found that among the 3 promoters, P3 is the one that is highly responsive to glucocorticoids (Fig. 1) . We thus restricted our further study on P3. Considering that glucocorticoids exert their biological functions through multiple signaling pathways, we wondered whether glucocorticoid receptors are directly involved in DEX-induced (HUMAN) NAT1 gene expression. The use of the RU486 abrogated the increase in (HUMAN)NAT1 mRNAs originating from the endogenous distal promoter in primary human hepatocytes, implicating the involvement of the glucocorticoid receptors. Also, the use of protein synthesis inhibitor cycloheximide revealed that the glucocorticoid receptor effect is direct and does not require any de novo synthesized protein (Fig. 1b) . Further investigation suggested that the glucocorticoid receptors work on (HUMAN)NAT1 gene through P3 activation rather than pre-existing mRNA stabilization, as the transcription inhibitor actinomycin D completely abrogated DEX/glucocorticoid receptor-mediated induction of P3 activity (Fig. 1c) . Further confirmation of the glucocorticoid receptor involvement came from transiently transfected HepG2 cells. We cloned ∼3 kbp of the (HUMAN)NAT1 P3-containing sequence and used the resulting constructs to conduct reporter gene assay. We observed that DEX treatment of transfected HepG2 cells is necessary to boost the glucocorticoid receptor α transactivation of P3, supporting the glucocorticoid receptor involvement (Fig. 2a) . In addition, cotreatment with RU486 significantly inhibited the DEXmediated transactivation of the exogenous P3 in HepG2 (Fig. 2b) . In this context, it is noteworthy that the level of induction recorded in our study (∼7-12-fold) is among the highest ever recorded for a glucocorticoid receptor-regulated gene in reporter gene assay (32) .
Next, we generated a series of deletion constructs to identify the glucocorticoid responsive elements. Usually, multiple glucocorticoid responsive elements are distributed in the flanking region of target genes and their number and location can vary substantially (33, 34) . In our analysis (Fig. 3a) , we found that the (HUMAN)NAT1 gene does not make exception to this rule, as significant level of reporter gene induction was observed till the original P3-containing fragment shorter than 690 bp. This suggests that multiple glucocorticoid response elements work cooperatively to induce the expression of the (HUMAN)NAT1 gene from P3. We also found that the closest glucocorticoid responsive elements to P3 are located between −690 and −801 bp upstream of exon 1. Inspection of this region revealed the presence of 3′-or 5′-half glucocorticoid responsive elements, which show sequence identity to glucocorticoid responsive elements previously identified in glucocorticoid-regulated genes (Fig. 3b) . Additional studies are needed to verify the function of these putative glucocorticoid responsive elements in −690 to −810 bp region. In addition, similar study is needed to identify the glucocorticoid responsive elements located even further upstream in the 5′-flanking region.
We then verified P3 responsiveness to glucocorticoids and glucocorticoid receptors in vivo. Interestingly, we found the NAT expression is regulated differently in humans and the mouse (Fig. 4) . In fact, hydrodynamics-based transfection of pGL3-3kP3-Luc plasmid into the mouse liver and subsequent DEX administration revealed a sharp decrease of reporter gene expression. DEX effects are very complex and reported to be opposite in vivo and in vitro (35, 36) . However, this scenario would appear to neither apply to our data nor seem to depend on a species difference in ligand-dependent activation of the glucocorticoid receptors. In fact, co-transfection of the reporter construct with the plasmid carrying the human glucocorticoid receptors brought about the same outcomes in both Hepa1-6 cells and mouse liver. Consistently, the in vivo DEX-mediated down-regulation of the (MOUSE) Nat2 gene expression, the murine counterpart of (HUMAN) NAT1, completely addressed the possibility of a speciesspecific difference in regulation of gene expression.
Glucocorticoid-mediated NAT regulation has been previously reported in rats (37) and rabbits (38) while Glowinski and Weber (39), Smolen et al. (40) , and Estrada et al. (41) reported androgen-dependent differences in renal NAT2 activity between male and female mice. In our study, we show that steroid regulation may also apply to humans through the glucocorticoid receptor mediated-increase of the (HUMAN)NAT1 gene expression from the distal promoter P3. Considering that the transcriptional regulation is a major determinant for the overall levels of gene expression, we believe that our data may have pharmacological and toxicological implications. Besides significant drug interactions, glucocorticoid exposure could result in enhanced metabolic activation of NAT1 carcinogenic substrates. Also, if our findings can be applied to tissues other than the liver-e.g., breast or prostate, where (HUMAN)NAT1 has been shown to highly contribute to tumor malignancy-concerns should arise about the administration of glucocorticoids to cancer patients. In this context, it should be noted that Wakefield et al. (6) showed that among different ER + breast cancer cell lines, only those with the highest NAT1 activity (ZR-75-1) had NAT1 transcripts originating from P3, suggesting the inducibility/activation of this promoter and potential pertinence of our findings to tissues are different from the liver. The recurrent prescription of glucocorticoids as cancer co-treatment (42) could thus exacerbate cancer malignancy, due to the increasing evidence of (HUMAN)NAT1 overexpression and its contribution to tumor initiation and progression. Our data, together with the reported (HUMAN)NAT1 gene overexpression in prostate (11) and breast tumors (4-6) as well as inducibility by androgens (12, 20) suggest that steroids may regulate the (HUMAN) NAT1 gene expression and thus potentially modify the risk associated with cancers where (HUMAN)NAT1 is implicated. Therefore, it would be relevant to extend the study of the (HUMAN)NAT1 gene responsiveness to glucocorticoids in breast and prostate tissues, as well as to other steroid hormone receptors.
Our results also stress the complexity of glucocorticoid effects. Glucocorticoids can regulate diverse biological processes by different signaling pathways and control the same biological activity in dissimilar ways in vivo and in vitro or in different species. For example, they induce the (RAT)Sult1a1 gene expression (43) , do not affect the expression of (HUMAN)SULT1A1 (44) , but decrease the mRNA expression of (MOUSE)Sult1a1 in C57BL/6J mice (45) . Consistently, we showed that the type of cellular environment plays a fundamental role when the effects of complex drugs and NRs such as glucocorticoids and glucocorticoid receptors are investigated. In fact, sequence identity (as in the case of pGL3-3kP3-Luc transfected in both human cell and mouse) or overall homology, as in the case of (HUMAN)NAT1 and (MOUSE)Nat2 (Fig. 6 ) (46), is not sufficient to observe the same regulation. Therefore, it is likely that the observed differences depend on the repressive/activating mechanism(s) prevailing in the context of any given experimental model. Hypothetically, in mouse cells, glucocorticoid receptor-mediated signaling pathway on (MOUSE)Nat2 gene expression might depend on a high corepressor/co-activator ratio while cells of human origin offer to the nuclear receptors a permissive environment, leading to increase of (HUMAN)NAT1 expression. In this context, it is worth noting that Estrada-Rodgers et al. (47) identified a hormone response element upstream of the (MOUSE)Nat2* coding region, which was positively regulated by glucocorticoid hormones and glucocorticoid receptor in reporter gene assays of transiently transfected CV1 (monkey) cell line. The intriguing question of what makes glucocortcoids and glucocorticoid receptor function in species-specific manner still stands and deserves further investigations. Attention should thus be paid to studying cancer-relevant signaling pathways involving the (HUMAN)NAT1 gene in mice in order to apply data obtained from mice to clinical situations.
In conclusion, the results of this study demonstrate that a DEX-mediated increase in (HUMAN)NAT1 gene expression is transcriptionally regulated by the direct activity of the glucocorticoid receptors on the P3-containing region via multiple glucocorticoid responsive elements in humans. We also demonstrated the inducibility of the P3-containing fragment by evaluating the possible involvement of other nuclear receptors. Although we found significant regulation for some of the nuclear receptors examined (retinoic acid receptor related orphan receptor α, aryl hydrocarbon receptor and retinoic acid receptor α), none were able to show levels of induction comparable to the glucocorticoid receptor, thus suggesting that glucocorticoid receptors are the primary regulators for P3-mediated NAT gene expression. We also show that DEX effects on NAT expression are speciesspecific, as reporter gene driven by P3 and endogenous (MOUSE)Nat2 are down-regulated in the mice and in vitro. Overall, these results give new and significant insights into the mechanisms governing (HUMAN)NAT1 gene expression, suggesting caution in the deliberation of clinical treatment of oncological pain, nausea and inflammation with glucocorticoids as well as prudence in extrapolating animal data to human risk when the regulation of cancer-associated xenobiotic-metabolizing enzymes by oncology-relevant drugs is under investigation.
